In many bilaterian animals members of the Otx gene family are expressed in head or brain structures. Cnidarians, however, have no clearly homologous head and no distinct brain; but an Otx homolog from the jellyfish Podocoryne carnea is highly conserved in sequence and domain structure. Sequence similarities extend well beyond the homeodomain and Podocoryne Otx can be aligned over its entire length to human OTX1, OTX2, and CRX. The overall structure of Otx is better conserved from Podocoryne to deuterostomes while protostomes appear to be more derived. In contrast, functions seem to be conserved from protostomes to vertebrates but not in Podocoryne or echinoderms. Podocoryne Otx is expressed only during medusa bud formation and becomes restricted to the striated muscle of medusae. Cnidaria are the most basal animals with striated muscle. Podocoryne polyps have no striated muscle and no Otx expression; both appear only during the asexual medusa budding process. The common ancestor of all animals that gave rise to cnidarians, protostomes, and deuterostomes already had an Otx gene more similar to today's Podocoryne and human homologs than to Drosophila otd, while the head-specific function appears to have evolved only later.
INTRODUCTION
Cnidarians are the most primitive metazoans in the animal kingdom with tissue level organization and a complex nervous system. Podocoryne carnea is a typical member of the cnidarian class Hydrozoa and has a metagenic life cycle with colonial polymorphous polyps that produce medusae asexually by budding. Podocoryne has tissues such as smooth muscle and striated muscle and a complex nerve net. The striated muscle of Podocoryne is restricted to the medusa life stage and is of interest due to its exceptional transdifferentiation potential. Upon isolation and activation, the terminally differentiated striated muscle cells transdifferentiate into several new cell types such as smooth muscle or nerve cells (Schmid, 1992) .
Homeodomain-containing transcription factors are involved in the regulation of a vast number of developmental events in all multicellular organisms, including the establishment of the anterior-posterior axis in the early embryo, eye development, heart development, striated muscle development, and formation of the anterior head and brain (Gehring et al., 1994; McGinnis and Krumlauf, 1992) . The homeotic or Hox genes were the first gene family shown to act in similar, probably homologous, ways in insect and vertebrate development. Since then, other developmental gene families have also been shown to have conserved expression patterns and conserved functions across phyla. Next to Hox and Pax genes the Otx family is one of the best-studied cases of functional conservation from Drosophila to man (Klein and Li, 1999; Hirth and Reichert, 1999) . Otx genes encode homeodomain-containing DNA-binding proteins. The first such gene identified was responsible for the Drosophila mutations orthodenticle (otd) and ocelliless (oc) (Finkelstein et al., 1990) . Soon vertebrate homologs were described and called Otx1 and Otx2 (Simeone et al., 1993) . Meanwhile, homologs from a wide range of invertebrates and vertebrates from the flatworm Dugesia japonica (Umesono et al., 1999) to amphioxus (Williams and Holland, 1996) and man, with the three family members OTX1, OTX2 (Simeone et al., 1993) , and CRX (Freund et al., 1997; Furukawa et al., 1997) , were reported. While this work was in preparation also the sequence of an Otx homolog from the cnidarian species Hydra vulgaris was reported (Smith et al., 1999) .
In vertebrates, two otd-related genes (Otx1 and Otx2) and two ems-related genes (Emx1 and Emx2) were found to be expressed in the developing forebrain and midbrain and showed a remarkable similarity to the corresponding Drosophila genes (Simeone et al., 1992) . This suggested a general control system operating in the brain, in contrast to the Hox genes, which function more posteriorly in segments innervated by the hindbrain and spinal cord (McGinnis and Krumlauf, 1992; Simeone, 1998) . Otx, Emx, and Hox genes were also the basis for the proposition of the "zootype," a common ground plan for all animals based on homologous gene expression (Slack et al., 1993) . According to these expectations Otx should be expressed in the head of all animals. The evolution of "head" and "trunk" could be explained with genes such as Otx if only bilaterians are considered (Bruce and Shankland, 1998) . But animal evolution had produced several enigmatic phyla before the bilaterian body plan was fixed. These alternative routes were apparently taken with a similar set of genes (Shenk and Steele, 1993) .
Some genes are highly conserved in the jellyfish P. carnea, such as a fibrillin homolog (Reber-Mü ller et al., 1995) , or develop rather specific functions, such as a metalloproteinase (Pan et al., 1998) , while it seems still to be difficult to assign homologies to Hox-like genes (Martinez et al., 1998; Masuda-Nakagawa et al., 1999) . Cnox1-Pc, a homeobox gene related to the labial/Hox1 class, is a striated muscle-specific transcription factor in Podocoryne (Aerne et al., 1995) . Furthermore, several striated musclespecific structural genes such as the tropomyosin Tpm2 and a myosin heavy chain splice variant of Myo1 (Schuchert et al., 1993; Yanze et al., 1999) have been isolated, indicating that at least the structural musclespecific genes are conserved throughout the animal kingdom. In this study we demonstrate that in the jellyfish P. carnea expression of Otx is activated only during medusa bud development and becomes restricted to the striated muscle tissue and not to head-like structures of polyps.
MATERIALS AND METHODS

Animals and Tissues
Colonies of P. carnea (Cnidaria, Hydrozoa) were cultured in the laboratory in artificial seawater as described elsewhere (Schmid, 1979) . Larval stages were obtained by the methods of Aerne et al. (1995) . Animal parts and medusa buds were isolated by microsurgery (Schmid and Alder, 1984) . Medusa buds were classified according to Frey (1968) .
Isolation of cDNA and Genomic Clones
Molecular biology procedures were performed according to standard protocols (Sambrook et al., 1989) unless otherwise stated. A 312-bp Otx clone was isolated as a false positive from a HybriZAP II cDNA library used for two-hybrid screens. The cDNA library was made from poly (A) ϩ RNA isolated with the Quick Prep Micro mRNA purification kit (Pharmacia Biotech) from 50 polyps from the Atlantic in Roscoff (France) of which about 50% had medusa buds of different stages. For the construction of the cDNA library all components were used from the Stratagene HybriZAP Two-Hybrid cDNA Gigapack cloning kit and the reactions were performed according to the recommendations of the manufacturer except that an NV-anchored oligo(dT) primer was used. Yeast cells of the YRG-2 strain :UAS GAL1 -TATA GAL1 -HIS3 URA3::UAS GAL4 17mers(ଙ3) -TATA CYC1 -lacZ) from Stratagene were grown on selective media when transformed with the plasmid (pAD-GAL4; Stratagene) containing the Otx insert.
The partial Otx clone was used to synthesize a digoxigenin-labeled double-stranded DNA probe with the PCR DIG probe synthesis kit (Boehringer Mannheim) for the screening of approximately 200,000 plaques each of a Lambda ZAP II (Schuchert et al., 1993) and a gt11 (Reber-Mü ller et al., 1995) cDNA library and a genomic GEM-11 library from Mediterranean animals from Naples (Italy). The genomic GEM-11 library was made from P. carnea genomic DNA that was partially digested with Sau3AI and cloned into the GEM-11 vector by the XhoI half-site arms cloning strategy (Promega). For plaque lifts NEF-978Y filters (NEN Life Science Products) were used and processed according to the product manual. Hybridization was performed according to the DIG system user's guide for filter hybridization (Boehringer Mannheim) under medium stringency at 37°C overnight using the standard buffer containing 50% formamide (v/v), 5ϫ SSC, 0.1% N-lauroylsarcosine, 0.02% SDS (sodium dodecyl sulfate), and 2% Blocking Reagent (Boehringer Mannheim). Chemiluminescent detection was performed with the chemiluminescent substrate for alkaline phosphatase detection CSPD (Boehringer Mannheim) according to the instructions of the manufacturer before exposure to X-ray film (Fuji) for 1 h. We were able to isolate 10 Otx clones from the Lambda ZAP II, 9 from the gt11, and 6 from the GEM-11 library. Because all further investigated cDNA clones contained only partial Otx coding sequences, and to receive an Otx clone which spanned the entire coding sequence of the protein, PCR with the primers OtxF4 and OtxR4, designed according to the known 5Ј and 3Ј termini of the combined Otx sequences, was performed on poly(A) ϩ -primed cDNA from medusae, with an annealing temperature of 50°C. OtxF4 (5Ј-GCG AAT TCC AAC TTG AGG AAG AGA TGG C-3Ј) contains an EcoRI and OtxR4 (5Ј-CGT CTA GAA CAC TAC ATG GTG GCG-3Ј) an XhoI restriction site to facilitate subcloning into different vectors. The PCR product was gel purified and subcloned into the pCRII TOPO vector (Invitrogen). DNA sequencing was done on an ABI PRISM 310 genetic analyzer (Perkin-Elmer) using the dRhodamine Terminator Cycle Sequencing kit (Perkin-Elmer). The nucleotide sequence has been submitted to the DNA databases under Accession No. AF160992.
Sequence Analysis
All nucleotide and deduced amino acid sequences were analyzed using the GCG software package (Devereux et al., 1984) . BLAST searches were performed at the NCBI using the BLAST network service (Altschul et al., 1997) . Multiple sequence alignments and phylogenetic trees were constructed with Clustal X, excluding positions with gaps and correcting for multiple substitutions with 1000 bootstrap trials (Jeanmougin et al., 1998) .
Northern Blot Analysis
The poly(A) ϩ RNA used for Northern blot analysis was isolated from 500 l densely packed P. carnea medusae using the Quick Prep Micro mRNA purification kit from Pharmacia Biotech. 
RT-PCR Expression Studies
Isolation of mRNA from different life stages or tissue samples of P. carnea was done using the Dynabeads mRNA DIRECT Kit (DYNAL). For mRNA isolation of gastrozooids, gonozooids, and medusae one specimen was taken. To isolate mRNA from larvae, medusae buds, or muscle tissue, two to five pieces were taken and all materials recommended by the protocol of the manufacturer were split in half. RT-PCR experiments were performed as described elsewhere (Yanze et al., 1999) . The oligonucleotides used in this study amplify for Otx a 510-bp fragment (OtxF3, 5Ј-ATC AGC GTA TTC ACC AAT CGC AGC-3Ј; OtxR3, 5Ј-TTG CGC TTC GCA TAC ATT CGA AGG-3Ј), for Cnox1-Pc a 541-bp fragment (cnox1F, 5Ј-GCA GGT AAC GAG ACT ACT TCG-3Ј; cnox1R, 5Ј-GCG TGA TTG GCG GAA ACA GTG-3Ј), for the musclespecific tropomyosin (Tpm2) a 536-bp fragment (TPM2F, 5Ј-GAG TGG CGA AGA AAA ACT TGG-3Ј; TPM2R, 5Ј-GCT CTG ATG ATT CTC CTT CCC-3Ј), and for elongation factor 1␣ (EF1␣) a 353-bp fragment (EF1AF, 5Ј-ACG TGG TAT GGT TGC CTC TG-3Ј; EF1AR, 5Ј-TGA TAA CGC CAA CGG CTA CG-3Ј). As a general control for mRNA quality and quantity, EF1␣ was included in all experiments to normalize the samples. With the exception of TPM2F/TPM2R, all primer combinations were designed to span an intron, allowing the detection of any putative genomic DNA contamination within the mRNA samples. For all primer sets, a systematic negative control was performed without any template. RT-PCR experiments were repeated at least twice on two different mRNA samples.
In Situ Hybridization
In situ hybridization was carried out according to a protocol established for Podocoryne and had to be modified according to the tissue type and the abundance of the transcripts. Otx sense and antisense probes comprised the complete coding sequence including the homeobox. Preparation of RNA probes using DIG-labeled ribonucleotides was done on linearized plasmids according to the protocol of the manufacturer (Boehringer Mannheim). Polyps with medusa buds were fixed in Lavdowsky's fixative (ethanol/formaldehyde/acetic acid/water, 50/ 10/4/36) for 30 min at room temperature. After fixation, specimens were washed three times for 10 min in PBST (10 mM Na 2 HPO 4 , 150 mM NaCl, pH 7.5, 0.1% Tween 20). Animals were digested for 30 min at room temperature with 5 g of proteinase K in 1 ml PBST, then mixed with 1 ml PBST containing 2 mg/ml glycine for 5 min to stop the digest. Polyps were washed twice with PBST for 5 min. Postfixation was carried out with 4% paraformaldehyde containing 0.2% glutaraldehyde for 1 h at room temperature, followed by two washing steps with PBST for 10 min.
Medusae were fixed in 4% paraformaldehyde in PBS (10 mM Na 2 HPO 4 , 150 mM NaCl, pH 7.5) for 20 min at room temperature. After fixation, animals were washed immediately three times with PBST for 10 min. Proteinase K digestion and postfixation could be omitted with medusae. At this point polyps and medusae were combined and incubated for 10 min in 50% hybridization buffer in PBST. Prehybridization was carried out at 43°C for at least 3 h. Hybridization was done overnight at 43°C. The following steps were done exactly as described , except that the stringency washes were carried out at 43°C instead of 50°C. The lower temperature was chosen because of the better preservation of the animal shape. The results were the same with hybridization temperatures at 50 and at 43°C. For sections whole-mount preparations were embedded in 12% gelatin as described .
RESULTS
Isolation of an Otx Homolog from P. carnea
A clone containing a 312-bp insert with similarity to the homeobox transcription factors of the Otx family was incidentally isolated from a P. carnea HybriZAP II cDNA library during a yeast two-hybrid screen. The partial Otx sequence was used to synthesize a digoxigenin-labeled DNA probe for screening of two cDNA libraries and a genomic library. Several clones that covered the 5Ј or the 3Ј end of the coding sequence were found. A full-length clone was constructed by PCR on medusae cDNA with primers designed against the 5Ј and 3Ј ends of the coding sequence. PCR with these specific primers produced the expected 850-bp fragment that was subcloned and completely sequenced (Fig. 1A) . The translation start site was determined as the first methionine in the open reading frame at nucleotide 16. At nucleotide 844, the open reading frame ends with a termination codon (TAG). The deduced amino acid sequence of Podocoryne Otx consists of 276 residues. By Northern blot analysis a single transcript with a size of approximately 2.1 kb could be detected on mRNA isolated from medusae, indicating that about 1.2 kb of untranslated Otx message is missing (Fig. 1B) .
Analysis of genomic clones revealed that the Otx coding sequence is interrupted by two introns. The first intron of about 1.7 kb in length is in the first position of the fifth codon upstream of the homeodomain, similar to many other members of the Otx gene family, but the exact position of this intron is not conserved. The second intron has a size of 461 bp and is positioned between the codons for residues Q46 and V47 of the homeodomain (Fig. 1A) . The second intron position is perfectly conserved in all Otx genes studied (Simeone et al., 1993; Vandendries et al., 1997; Bruce and Shankland, 1998; Williams and Holland, 1998) and was reported to be a common feature among genes from the prd-like class (Bü rglin, 1994) . The intron sequences are flanked by the universally conserved GT and AG consensus sequences. Conservation of the Podocoryne Otx gene structure also points toward common ancestry with other Otx genes.
The Otx Homeodomain Has Been Highly Conserved throughout Evolution
The Otx homeodomain, which extends in the Podocoryne protein from residue 56 to 115 (Fig. 1A) , has been highly conserved throughout evolution with identities ranging from 73 to 85% compared to the homeodomains of other Otx family members. The Podocoryne Otx homeodomain is most similar to zebrafish Otx1 with 51 of the 60 (85%) residues identical and 48 to 50 residues conserved in human OTX1, OTX2, and CRX and Drosophila otd. The homeodomains of Otx homologs from flatworms or Hydra appear to be more derived from the common ancestor and share only 44 of 60 (73%) residues with Podocoryne Otx. In a phylogenetic analysis using the Otx homeodomains from various phyla, the Podocoryne homeodomain clearly groups with the members of the Otx family and not with other Paired-class homeodomains (Galliot et al., 1999) , which were included in this comparison as outgroups (Fig. 2) . The human PAX6 homeodomain shares 35 of 60 residues (58%) with the Podocoryne Otx homeodomain but contains a serine residue at position 50 of the homeodomain. Podocoryne Otx contains a lysine at this position, a characteristic shared with all members of the Otx family (Galliot et al., 1999) . This lysine has been reported to be critical for DNA-binding specificity (Hanes and Brent, 1989 ) and confers specificity for the sequence TAATCC/T. Based on the homeodomain alone the Caenorhabditis elegans Otx-like genes ceh-36 and ceh-37 could not be included with confidence in the Otx family (Galliot et al., 1999) , but since then a true Otx homolog appeared in the unfinished part of the almost completed genome of C. elegans (cf. Ruvkun and Hobert, 1999 ; GenBank Accession No. AL020985).
Extended Similarities in Addition to the Homeodomain
In contrast to Drosophila otd, the sequence of Podocoryne Otx can be aligned over the entire length with vertebrate family members (Fig. 3A) . Other deuterostomes, such as sea urchins, fit less well than vertebrates, and all known protostomes appear to be even more derived. In addition to the homeodomain, another sequence motif, the WSP motif, is highly conserved in deuterostome Otx family
FIG. 1. Sequence and Northern blot analysis of Podocoryne Otx. (A)
The sequence of the original 312-bp clone that was isolated from the HybriZAP II cDNA library is shown in bold. The homeodomain is boxed, the WSP motif is underlined, and the Otx tail motif is double underlined. Arrowheads mark locations of the two introns. (B) The Northern blot was prepared using 5 g of poly(A) ϩ RNA isolated from freshly hatched medusae and hybridized to an Otx probe. The approximate transcript size of 2.1 kb was calculated by comparison to Podocoryne ribosomal RNA and an RNA molecular weight marker. members and Podocoryne. Furthermore, a hydrophobic C-terminal tail motif can be recognized in Podocoryne and deuterostomes. Duplication of a C-terminal domain in vertebrates was observed when amphioxus Otx was compared to vertebrate sequences (Williams and Holland, 1998) . A 12-amino-acid motif in CRX corresponding to part of these domains was called Otx tail (Freund et al., 1997; Furukawa et al., 1997) . When Podocoryne Otx is included into multiple sequence alignments, this tail motif seems not to be so well conserved; rather, the tip of the tail with a tryptophan and the collinear C-terminal ends of the proteins are conserved from Podocoryne to man (WXF/ YXXL/M*; Fig. 3A) . Both motifs are missing in Drosophila otd, which also appears to be highly derived in other aspects and is much longer (671 amino acids) than other Otx family members (Fig. 3B) . This is not representative of insects as seen in the flour beetle T. castaneum. However, Tribolium has two Otx genes and only in otd2 can a WSP motif be found, but still no tail motif (Li et al., 1996) . Also the inclusion of a leech Otx homolog would disturb the alignment. The leech sequence is again very long (539 amino acids), appears to have a partially conserved tail motif (Bruce and Shankland, 1998) , but lacks a WSP motif. Hydra Otx appears to lack similarity at the N-terminus, in a highly derived WSP motif, and at the tail motif. The phylogenetic analysis of the entire sequences shown in Fig.  3A suggests a tree different from that obtained with the homeodomains alone. Cnidarian and deuterostome sequences appear to be closer related, with high bootstrap values, but protostome sequences cannot be aligned reliably.
Otx Expression Is Restricted to the Medusa and Its Development
Reverse transcription-PCR (RT-PCR) was performed to determine the Otx expression pattern throughout the life cycle of Podocoryne. Larvae, gastrozooids (feeding polyps), gonozooids (polyps with medusa buds), and medusae were tested for the presence of the Otx message. The Otx transcript is not detectable in larvae or in gastrozooids but in gonozooids and in medusae, similar to other medusaspecific genes such as the striated muscle-specific homeobox gene Cnox1-Pc and the tropomyosin Tpm2. In contrast, EF1␣ is expressed at constant levels in all life stages (Fig. 4) . Medusae of Podocoryne are asexually produced by the gonozooids in the medusa budding process, which was divided into 10 distinct stages according to morphological and anatomical criteria (Frey, 1968) . When fully developed, the medusae detach from the colony and become sexually mature. The medusae bud stages 0 -1, 2-3, 4 -5, 6 -7, 8, 9 , and 10 were analyzed by RT-PCR for the presence of Otx transcripts. Stages 0 -2 are characterized by the formation of the entocodon, a mesoderm-like cell mass consisting of undifferentiated cells between the endoderm and the ectoderm. The growing number of the still undifferentiated cells of the entocodon characterizes stages 3 and 4, during which a spherical layer with a coelome-like cavity forms (Boero et al., 1998) . Striated muscle differentiation identified by the presence of striated myofibrils starts at stages 5 and 6 in the cell layer derived from the entocodon. et al., 1998) of all relevant Otx family members reveals that Podocoryne Otx (Otx-Pc) can be well placed within the Otx family as defined by Galliot et al. (1999) . Human PAX6 (PAX6-Hs; Ton et al., 1991) , human PTX1 (PTX1-Hs; Shang et al., 1997) , human goosecoid (GSCHs; Blum et al., 1994) , the mouse aristaless homolog Arx (Arx-Mm; Miura et al., 1997) , and the Hydra Paired-like protein prdla (PrdlA-Hv; Gauchat et al., 1998) were included as representative outgroups of the K50, Q50, and S50 groups. C. elegans ceh-36 and ceh-37 and an Otx-homolog from the unfinished clone Y102G3 were added because of their questionable status (Ceh36-Ce, Ceh37-Ce, Otx-Ce; cf. Ruvkun and Hobert, 1998) . The other Otx homologs are CnOtx from H. vulgaris (Otx-Hv; Smith et al., 1999) , DjOtxA and DjOtxB from the flatworm D. japonica (OtxA-Dj, OtxB-Dj; Umesono et al., 1999) , Lox22-Otx from the leech Helobdella triseralis (Otx-Ht; Bruce and Shankland, 1998) , Drosophila otd (Otd-Dm; Finkelstein et al., 1990) , Tcotd1 and Tcotd2 from the flour beetle Tribolium castaneum (Otd1-Tc, Otd2-Tc; Li et al., 1996) , the SpOtx (␣) splice variant from the sea urchin Strongylocentrotus purpuratus (Otx-Sp; Li et al., 1997) , Hroth from the ascidian Halocynthia roretzi (Otx-Hr; Wada et al., 1996) , AmphiOtx from the amphioxus Branchiostoma floridae (OtxBf; Williams and Holland, 1998) , LjOtxA and LjOtxB from the lamprey Lampetra japonica (OtxA-Lj, OtxB-Lj; Ueki et al., 1999) , and the three human family members OTX1, OTX2 (OTX1-Hs, OTX2-Hs; Simeone et al., 1993) , and CRX (CRX-Hs; Freund et al., 1997) . All Otx family members belong to the K50 group.
At stage 7 all medusa organs are formed, cell cycle activity ceases in the bell after stage 8, and the medusa bell unfolds at stage 9. Then, the striated muscle tissue starts to contract, leading to detachment of the medusa from the polyp at stage 10. RT-PCR experiments show very weak Otx expression in the early bud stages 0 -1, but from then on The complete sequences of Podocoryne, Hydra, human, and sea urchin Otx family members were compared as in Fig. 2 . Note that there is extensive sequence conservation in the homeodomains of all six proteins, a highly conserved hexapeptide SIWSPA in the WSP motif, and little conservation at the Otx tail motif except for a tryptophan residue 5 residues from the collinear C-termini. Identical residues in at least half of the sequences are boxed and similar residues are shaded. (B) The six Otx family members that could be aligned in A are compared in their domain structure to Drosophila otd and other typical protostome representatives for which no meaningful alignment could be found other than the homeodomain. The high bootstrap value 961 of 1000 replicates in the tree separates the cnidarian and the deuterostome branches from the protostome branch (dashed). The homeodomains (HD), WSP motifs SIWSPA (W), and Otx tail motifs WXF/YXXL/M* (T) are shown in relation to the size of the Otx family members, and crossed symbols indicate degeneration of motifs. All known protostomes lack one or both of these motifs, represented here by Drosophila, flour beetle, and leech. strong expression in all later stages similar to Cnox1-Pc (Fig. 5) . Tpm2 is detectable only later, from bud stages 2-3 on, indicating that it might be one of the targets of Otx or Cnox1-Pc.
Podocoryne Otx Expression in Striated Muscle
To localize where exactly the Otx message is expressed in the medusa of Podocoryne, different parts of dissected medusae were tested by RT-PCR (Fig. 6) . Otx expression could be detected only in mechanically isolated striated muscle, similar to Tpm2 and Cnox1-Pc.
Whole-mount in situ hybridization with digoxigeninlabeled sense and antisense Otx RNA probes strongly supports the RT-PCR data (Fig. 7) . In situ hybridizations were always done in parallel with the muscle-specific gene Tpm2. The staining pattern was comparable to Otx expression . Also the striated musclespecific splice variant of the myosin heavy chain gene Myo1 produces a similar pattern (Yanze et al., 1999) and was included as a control. Otx expression in the medusa is restricted to the striated muscle tissue (Fig. 7A) , while the sense probe did not react with medusa bell tissues (Fig. 7B) . There is no Otx staining of the outer cell layers of the medusa bell. In addition, hybridization of medusae with sense and antisense Otx probes always showed staining in the tentacle bulbs and the manubrium which appears to be nonspecific because it had a vacuolar appearance and could be due to carotenoids (Figs. 7A and  7B ). In gonozooids, Otx staining in young medusa buds which are attached to their mother polyp is weak but becomes distinct in all later stages in the developing striated muscle tissue (Fig. 7C) . In sections, it becomes apparent that Otx staining is first widespread in the medusa buds and becomes more and more restricted to the so-called entocodon and finally to the striated muscle cells (Fig. 7D) . In later bud stages and adult medusae the striated muscle cells line the medusa bell as a third cell layer which can be illustrated with the striated musclespecific splice variant of Myo1 (Fig. 7E) . Tissues of the polyp parts of gonozooids and gastrozooids never did show a specific Otx staining.
FIG. 5. Expression of
Otx during medusae development. Otx expression was compared to the striated muscle-specific genes Cnox1-Pc and Tpm2 and the ubiquitiously expressed EF1␣ as in Fig. 4 . Lanes 1 to 7 correspond to mRNA extracted from medusae bud stages 0 -1, 2-3, 4 -5, 6 -7, 8, 9 , and 10, respectively (Frey, 1968) . The representative bud stages 1, 4, 7, and 9 are displayed above. MW, Ϫ, and ϩ are as in Fig. 4 , Ϯ indicates weak expression of a gene.
FIG. 4. Expression of
Otx in the life cycle of Podocoryne. Otx and the striated muscle-specific genes Cnox1-Pc (Aerne et al., 1995) and Tpm2 ) are compared to the ubiquitously expressed EF1␣ used as a positive control for mRNA quality and quantity. Lanes 1 to 4 correspond to mRNA extracted from larvae (1), gastrozooids (2), gonozooids (3), and medusae (4). Lane 5 corresponds to the negative control without any template. MW indicates the 100-bp DNA ladder molecular weight marker, the brighter band representing 600 bp. The muscle-specific genes were amplified with 40 cycles, EF1␣ with 28 cycles. Below each lane, Ϫ indicates no expression and ϩ indicates expression of a gene.
DISCUSSION
Conservation of Otx Domain Structure in Podocoryne and Deuterostomes
Sequence analysis indicates that Otx from Podocoryne is a true cnidarian member of the Otx family as defined by Galliot et al. (1999) within the Paired class of homeobox genes. The Podocoryne Otx homeodomain shares a high level of amino acid sequence identity with all other known genes of this group. It is equally similar to insect, leech, or deuterostome homeodomains while flatworm, C. elegans, and Hydra sequences appear to be more derived. A lysine residue at position 50 (K50) of the homeodomain, which corresponds to position 9 of the recognition helix, is also found in Podocoryne Otx, which also groups it with the other members of the Otx family (Galliot et al., 1999) . K50 distinguishes the Otx family from the Pax family (S50) or most other prd-related homeodomains (Q50). Q50 appears to be ancestral but K50 evolved independently in the Otx, goosecoid, Ptx, or unrelated bicoid families (Galliot et al., 1999) . The conservation of K50 in Otx from cnidarians to man suggests at least a conserved DNAbinding specificity for this transcription factor.
However, the homeodomain alone results in a different tree (Fig. 2) than when the entire sequence is used for phylogenetic analyses (Fig. 3B ). Both trees are not very stable, which just indicates that multidomain proteins with one almost invariable domain are not suitable for phylogenetic studies. The highly conserved homeodomain contains only a few residues that are informative for phylogeny, and the alignment of the entire sequences is not meaningful for protostomes. Still, in both trees Podocoryne Otx can be classified as a true Otx ortholog. Based on the genomic screens Podocoryne contains a single Otx gene. Also the complete genome of C. elegans contains a single true Otx gene next to the two more derived Otx-like genes ceh-36 and ceh-37. Apparently independent gene duplications in beetles (Li et al., 1996) , flatworms (Umesono et al., 1999) , lampreys (Ueki et al., 1998) , and zebrafish (Mori et al., 1994) led to additional Otx genes compared to closely related organisms several times during evolution. But all Otx duplicates studied so far maintained an expression pointing toward head-specific functions, and no Otx expression was reported in adult, terminally differentiated striated muscle.
Other than the homeodomain, Otx is much less conserved, except for the WSP and the Otx tail motifs. A WSP motif of 13 residues was defined in human CRX although only 7 of these were really conserved (Freund et al., 1997) and in Podocoryne Otx, 6 of these 7 amino acids are conserved (SIWSPA; Fig. 3A) . The Otx tail motif from Podocoryne Otx is less conserved compared to the vertebrate orthologs but still contains 3 hydrophobic amino acids in the last 6 residues before the C-terminus (WXF/ YXXL/M*; Fig. 3A ). This C-terminal motif was also noticed in leech Otx, although not even the tryptophan is conserved (Bruce and Shankland, 1998) , and is present in the unfinished C. elegans clone Y102G3 close to the Otx homeodomain. But leech and C. elegans lack a WSP motif, which is found only in one protostome sequence so far, otd2 from the flour beetle Tribolium (Li et al., 1996) . Drosophila otd, the founder of this whole gene family, appears to be even more derived as it not only lacks both motifs but is also extensively larger than other family members. The importance of functional motifs in addition to the homeodomain was recently highlighted by the role of the hexapeptide for heterodimerization of vertebrate HoxB1 and Pbx1 or the corresponding homologs in Drosophila (Passner et al., 1999; Piper et al., 1999) . Also the different functions of Otx1 and Otx2 in mice (Acampora et al., 1995 (Acampora et al., , 1996 and in transgenic Drosophila point to functional domains other than the homeodomain. Similarly, Drosophila otd can rescue epilepsy in Otx1-deficient mice but not the defects in the inner ear . The overall conservation of Otx from Podocoryne to man is in sharp contrast to the pronounced differences within insects such as Drosophila and Tribolium or within hydrozoans such as Hydra and Podocoryne.
Otx Expression in Striated Muscle
The polyp and medusa generations of Podocoryne differ not only in terms of their morphology but also in their   FIG. 6 . Otx expression in medusa parts. The expression of Otx was compared to the expression of Cnox1-Pc, Tpm2, and EF1␣ on mRNA extracted from intact Podocoryne medusae (1), mechanically isolated striated muscle (2), manubria (3), and tentacles (4). Lane 5 corresponds to the negative control without template. The number of cycles used in this experiment was 40 for Otx, Cnox1-Pc, and Tpm2 and 35 for EF1␣. MW, Ϫ, and ϩ are as in Fig. 4 . cellular composition. Whereas most cell types can be found in both the polyp and the medusa stage of the life cycle, striated muscle cells are an exclusive characteristic of the medusa. The striated muscle tissue is the innermost epithelial layer that lines the subumbrellar cavity of the medusa and adheres to the inner extracellular matrix. The   FIG. 7 . In situ hybridization with digoxigenin-labeled Otx riboprobes. (A) Adult medusae hybridized with Otx antisense probes show strong staining in the striated muscle tissue. The two outermost cell layers of the bell are not stained and the staining is restricted to the striated muscle layer underlining the bell (arrowheads). The manubrium (m), tentacles (t), and tentacle bulbs (b) look the same in animals treated with antisense and sense (B) probes. (C) A single gonozooid, a polyp (p) with many medusa buds of different stages (1-9), shows increasing Otx expression during medusa bud development. (D) A section of a similarly stained polyp with medusa buds reveals that Otx is expressed in the so-called entocodon (e), which will give rise to striated muscle, and Otx becomes restricted to striated muscle in late stages and adult medusae (A and C). (E) A striated muscle-specific splice variant of the myosin heavy chain gene Myo1 is expressed later during medusa bud development in the entocodon and staining illustrates the position of the striated muscle tissue (st) in the medusa bell. Residual background staining in the manubrium and tentacle bulbs is due to carotenoids. The bars correspond to 0.1 mm. jet propulsion force generated by the contraction of the striated muscle fibers drives the animal through the water. Although the striated muscle cells are terminally differentiated, they have the ability to transdifferentiate to new cell types (Schmid, 1992) . In Podocoryne, Otx as well as Cnox1-Pc (Aerne et al., 1995) , a Hox-like gene related to the labial/Hox1 group, seems to be specifically involved in the differentiation of striated muscle. Both are expressed only in the striated muscle tissue of medusae and appear in the developing medusa buds with the differentiation of this tissue. Expression of the two transcription factors is similar, but slightly precedes the expression of the striated muscle-specific genes for major structural components such as Tpm2 or Myo1 (Aerne et al., 1995; Schuchert et al., 1993) . Otx is also rapidly and reversibly downregulated in cell migration experiments together with Cnox1-Pc but in contrast to Cnox3-Pc, a msh-like homeobox gene (Yanze et al., 1999) . The study of Otx in Podocoryne would suggest a role in medusa development and striated muscle differentiation. This is reminiscent of the Otx2 expression in mouse throughout the epiblast which gives rise to the embryo proper, the subsequent expression in mesodermal structures, and, only later, the restriction to differentiating tissues (Ang et al., 1994) .
Initially, we expected Otx to be expressed either in the head-like structures of the polyp or in neural structures, corresponding to the expression patterns found in most bilaterian animals from annelids and insects to chordates, in which the role of Otx homologs appears to be mainly the organization of the anterior head and brain. To our surprise, Podocoryne Otx is expressed only during medusa bud development and becomes restricted to striated muscle cells. Despite the highly conserved sequence in the homeodomain, the function of Otx seems to be different in Podocoryne than in higher evolved bilaterians. This might indicate that the anterior-posterior axes of radial symmetric animals such as cnidarians and bilaterian animals are not homologous although the polyp stage appears to have a "head" and a "foot." A similar finding has been reported for echinoderms, which are pentasymmetric as adults. Their Otx gene expression is not head-or brain-specific. This changed expression pattern has been explained in comparison to other bilaterians with the highly modified body plan . Interestingly, sea urchin homologs have an N-terminal extension with alternative splicing Sakamoto et al., 1997) and appear to be slightly more derived compared to Podocoryne and vertebrates (Fig.  3A) .
Rapid changes in the evolution of Otx genes can be seen in echinoderms but also within the human Otx family. OTX1 and OTX2 are functionally only partially equivalent and CRX, which could also be called OTX3, is much more specialized. OTX1, OTX2, and CRX are at the conserved human chromosomal locations 2p13, 14q21, and 19q13.3, next to the three human calmodulin paralogs CALM2, CALM1, and CALM3, respectively. This suggests a common origin of all three vertebrate Otx genes from a single invertebrate ortholog as seen for the Hox clusters and many other gene families (Spring, 1997) . The structure of CRX appears to have changed more rapidly (Figs. 2 and 3B ), including changes in the homeodomain, which might have been a prerequisite to acquire its distinct role in photoreceptors. In Drosophila, otd appears to do the job of CRX as well and is required for photoreceptor development ( Vandendries et al., 1997) .
Comparison of Radial Symmetric Medusae, Hydra, and Bilateral Animals
Otx expression in Podocoryne is restricted to the medusa stage and completely absent from the polyps. The freshwater cnidarian Hydra consists only of a polyp stage, and an Otx homologue from H. vulgaris was therefore found to be expressed in the polyp, although not head-specific (Smith et al., 1999) . Intermediate to these two species would be the marine polyps of Hydractinia with a medusa-like stage reduced to gonophores. In Hydractinia symbiolongicarpus the Emx homolog Cn-ems is expressed in anterior, headlike structures of the gastrozooids, specifically in endodermal epithelial cells (Mokady et al., 1998) . In gonozooids of this species, which do not feed and therefore were considered to have no true "head," Cn-ems expression could not be detected. Unfortunately, Otx is not available in Hydractinia and Emx is not in Podocoryne. However, data from our laboratory suggest that many transcription factors are restricted to the medusa and are not expressed in the polyp. Evolutionarily closely related animals such as Hydractinia or Hydra lack the medusa stage and their most complex structure is the head of the polyp, which is also present in the Podocoryne gastrozooids. Hydractinia polyps with medusoids and Hydra polyps without medusa stages represent a recent evolutionary regression that is independent of the evolution of the common ancestor of all animals to cnidarians and bilaterians. It is therefore difficult to interpret switches in expression patterns as seen for Otx or Cnox1-Pc which is only expressed in the striated muscle of the medusa (Aerne et al., 1995) , while its apparent ortholog cloned from the green hydra Chlorohydra viridissima is expressed in the polyp (Schummer et al., 1992) . Also a role of Otx in cell movement is apparent in vertebrates and Hydra polyps (Smith et al., 1999) as well as in Podocoryne medusae (Yanze et al., 1999) , but does not appear to be homologous.
Why do we find Otx expression in the striated muscle tissue and not, as initially expected, in the nervous tissue? Cnidarians are the earliest metazoans with tissue-level organization. They possess tissues like smooth muscle and striated muscle, a nervous system, and in some cases highly complex sense organs like eyes and statocysts (Tardent, 1978) . The nervous system in the polyp is a diffuse net, while in the medusae some local centralizations occur in the ring channel and the tentacle bulbs (Mackie, 1990) . It has been postulated that muscle cells are older than nerve cells and that an elementary nervous system evolved around the muscle cells to coordinate contraction. Nerve cells might be derived from specialized receptive epithelial cells in an outer body layer (Mackie, 1990) . Whereas the polyp ectoderm consists entirely of smooth muscle cells, medusae have nonmuscle ectoderm, the exumbrella, smooth muscle cells in different body parts, and striated muscle cells forming the innermost layer of the bell. In medusae FMRFamide-positive nerve cells are found only in connection with smooth muscle cells (Grimmelikhuijzen et al., 1991) . Striated muscle cells, however, are not directly connected to nerve cells and coordinated contraction occurs by epithelial conduction through gap junctions (Mackie, 1990) . It can therefore be speculated that the striated muscle of the medusa exhibits primitive nerve-like functions. The fact that the striated muscle has the capacity to transdifferentiate to smooth muscle cells which then divide and like stem cells form new smooth muscle and nerve cells supports this hypothesis (Schmid, 1992) .
The Otx expression pattern found in P. carnea compared to most higher metazoans can be explained by two different possibilities. First, the target genes of transcription factors controlling head and brain development have changed during evolution, although it was suggested that the conservation of the lysine residue at position 9 of the third recognition helix of all Otx proteins enables the recognition of similar target genes (Umesono et al., 1999) . Second, the primitive function of Otx might have been less restricted as might be still apparent in ascidians, in which Otx expression was observed in some striated muscle precursors of the larval tail in addition to nerve cells (Wada et al., 1996; Wada and Saiga, 1999) , or in Drosophila, in which otd is also expressed in the ventral midline (Finkelstein and Boncinelli, 1994) .
At first sight the Otx family seems to be a good example of conserved, homologous gene function throughout animal evolution. Drosophila and human genes seem to do the same thing and are, at least partially, exchangeable Leuzinger et al., 1998; Nagao et al., 1998; Hirth and Reichert, 1999) . These truly amazing consistencies fit with other observations about the body axis and Hox genes (McGinnis and Krumlauf, 1992) , eye development and Pax genes (Halder et al., 1995) , or the evolution of appendages and Dlx genes (Panganiban et al., 1997) . However, in all these cases clear homologies can at best be assigned only within bilaterian animals and to answer questions about the origin of animal evolution the more basal phyla such as Porifera and Cnidaria will have to be included. In sea urchins and jellyfish, Otx genes show rather different expression patterns than expected. The sea urchin anomaly can be explained by their highly derived body plan and this argument could eventually be extended to jellyfish. However, the overall conservation of the Otx domain structure from cnidarians to deuterostomes and the derived state of protostomes is in contrast to the functional similarities.
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